A new mechanism for Paleozoic subsidence of the Russian, or East European, platform is suggested, since a model of lithosphere tilting during the Uralian subduction does not explain the post-Uralian sedimentation record. Alternatively, I propose that the Proterozoic and Paleozoic rifting (when a platform-scale Central Russia rift system and a set of Paleozoic rifts were formed) modified the structure and composition of cratonic lithosphere, and these tectono-magmatic events are responsible for the post-Uralian subsidence of the Russian platform. To support this hypothesis, (a) the thermal regime and the thickness of the lithosphere are analyzed, and (b) lithospheric density variations of non-thermal origin are calculated from free-board constraints. The results indicate that Proterozoic and Paleozoic rifting had different effects on the lithospheric structure and composition. (1) Proterozoic rifting is not reflected in the present thermal regime and did not cause significant lithosphere thinning (most of the Russian platform has lithospheric thickness of 150^180 km and the lithosphere of the NE Baltic Shield is 250^300 km thick). Paleozoic rifting resulted in pronounced lithospheric thinning (to 120^140 km) in the southern parts of the Russian platform. (2) Lithospheric density anomalies suggest that Proterozoic^Paleozoic rifting played an important role in the platform subsidence. The lithospheric mantle of the Archean^early Proterozoic part of the Baltic Shield is V1.4 þ 0.2% less dense than the typical Phanerozoic upper mantle. However, the density deficit in the subcrustal lithosphere of most of the Russian platform is only about (0.4^0.8) þ 0.2% and decreases southwards to V0%. Increased densities (likely associated with low depletion values) in the Russian platform suggest strong metasomatism of the cratonic lithosphere during rifting events, which led to its subsidence. It is proposed that only the lower part of the cratonic lithosphere was metasomatized as a result of Proterozoic rifting; the boundary between a depleted upper and more fertile lower layers can be at ca. 90^150 km depth and can produce a seismic pattern similar to the top of a seismic low-velocity zone. Paleozoic rifting has modified the entire lithospheric column and the regions affected are still subsiding. Published by Elsevier B.V.
Introduction
The East European Craton (EEC) comprises [1, 3] . (b) The location of 10 areas (A^J) chosen for a comparison of sedimentation history. They include Precambrian rifts (A^E) and regions where sedimentation did not start until Paleozoic (F^J). Area I^the Volyn £ood basalts province (V650^570 Ma, [2] ). Black line shows the western border of the area where more than 500 m of sediments were deposited at 375^215 Ma (after [3] ). Stars show locations of rapakivi^anorthosite complexes (with the ages of 1.50^1.65 Ga in the Baltic Shield and 1.72^1.79 Ga in the Ukrainian Shield) (after [70] ). (c) Thickness of sediments deposited in di¡erent parts of the Russian platform in Proterozoic to Cenozoic. Data on sedimentation record has been adopted from isopach maps of [3] for six time intervals. Note a peak in sedimentation at 375^215 Ma, synchronous over the entire Russian platform and related to the Uralian orogeny [7] . Southern parts of the platform a¡ected by Paleozoic rifting (F^I) continue to subside even in post-Uralian time. This pattern is not observed in Proterozoic rifts. A model other than lithospheric tilting over a subducting slab is required to explain the post-Uralian subsidence.
lithospheric provinces ranging in age from Archean to late Proterozoic (Fig. 1a) ; most of the Russian, or East European, platform is early Proterozoic. A large part of the EEC has undergone intensive rifting in Proterozoic and Paleozoic time. The fundamental trans-cratonic lithospheric weakness zone, the Central Russia rift system, was formed V1.3^1.0 Ga; a large part of it was a¡ected by intraplate volcanism at V1.0 Ga^650 Ma. However, for not yet understood reasons the post-rift subsidence did not start until V600 Ma [1] . The southern parts of the Russian platform were rifted in the Devonian (with the latest peak of activity at V350 Ma [1] ) when an extensive system of rifts, including the Pripyat-Dnieper-Donets rift, was formed. A large volume of rift-related magmatism suggests a plume origin [2] .
The most obvious physiographic characteristic of the EEC is the existence of the vast 3-km-thick sedimentary cover over the ca. 3000-km-wide platform area, which is in sharp contrast to the exposed basement of the Baltic Shield.
The subsidence history of the Russian platform from late Riphean to present (Fig. 1c) has been summarized on the basis of lithological^paleogeo-graphical maps of the USSR [3] . Numerical models of viscous £ow in the mantle predict that subducting slabs can cause subsidence of 1000-kmwide areas within continental interiors; the resultant topographic de£ections can persist for 1001 50 Ma [4^6] . Mitrovica et al. [7] used this idea to explain a rapid downwarping episode at 375^215 Ma, nearly synchronous over the whole Russian platform, by a dynamic response of the cratonic lithosphere to the westward dipping subduction beneath the Urals. The model prediction of topographic de£ections is in agreement with the Devonian to Permian sedimentation record. However, the model cannot explain the post-Uralian, still on-going, subsidence of the southern parts of the Russian platform (Fig. 1c, areas F^I) . Moreover, the pattern of subsidence has signi¢cantly changed at ca. 215 Ma [3] : the thickness of the sediments deposited during the Uralian orogeny decreases westwards from the Urals, while the thickness of younger sediments shows a clear tendency to increase southwards ( Fig. 1b and Section 4.3.2).
The high topography of Archean^early Proterozoic cratons is commonly attributed to depleted, low-density composition of their lithospheric mantle (e.g. [8] ). Rifting, however, leads to density increase of the cratonic lithosphere due to intrusion of Fe-rich basaltic melts [9] and can be responsible not only for subsidence due to thermal relaxation after the end of thermo-magmatic events, but also for compositional subsidence.
In order to explain the subsidence of the Russian platform, and especially the post-Uralian episode, I estimate the average density of the lithospheric mantle of the EEC and conclude that the platform subsidence can indeed result from chemical variations in the lithospheric mantle, possibly caused by metasomatism during Proterozoic and Paleozoic rifting.
Tectonic history as re£ected in the crustal structure of the EEC
The crustal structure of the EEC is well studied by numerous seismic re£ection and refraction pro¢les (some of the important ones include [10^19]). These models are summarized in the global USGS database on the crustal structure [20] . No simple correlation between the crustal thickness and surface geology can be found for the EEC, except that both of the shields (i.e. the Baltic and the Ukrainian) are characterized by the thickest crust ( s 50 km), while the crustal thickness within most of the Russian platform is V404 5 km. The pattern, however, becomes noteworthy, if one looks at the thicknesses of the individual crustal layers (for simplicity de¢ned here by seismic velocities : 5.8 6 V p 6 6.4 km/s for the upper crust ; 6.4 6 V p 6 6.8 km/for the middle crust; 6.8 6 V p 6 7.6 km/s for the lower crust). The thickest lower crust ( s 20 km) exists beneath the Archean Ukrainian Shield and the Archeanê arly Proterozoic Finnish-Kola-Karelian part of the Baltic Shield, and can be a result of extensive terrane accretion, re-assemblage, collision, or underplating by buoyantly subducted slabs in the early Precambrian time (e.g.
[21^23]).
Statistical analysis of the global USGS crustal database [20] shows that the thickness of the upper and middle crust within the Russian platform is surprisingly well correlated with the position of the Proterozoic Central Russia rift system (including the Pachelma Trough), where upper crustal thickness increases to 16 km and more, and is accompanied by an almost complete disappearance of the middle crust (typically less than 4 km thick). Similar results were reported for several seismic pro¢les crossing Proterozoic rifts of the Russian platform [24] . The observed variations in the thickness of the crustal layers are interpreted here to result from Proterozoic tectonomagmatic processes, which could have led to an increase of the upper crustal thickness by magmatic additions and 'squeezing out' of the ductile middle crust (for more discussion see Section 4.3 and Fig. 5 ).
Correlation between the crustal structure of the EEC and its tectonic history implies that the mantle processes responsible for the formation and modi¢cation of the crust should have also a¡ected the structure of the entire lithospheric column. On one hand, one could expect that Proterozoic^Pa-leozoic rifting resulted in thinning of the lithosphere of the Russian platform. On the other hand, petrologic data indicate that an interaction of upwelling asthenospheric material with a cratonic root results in lithospheric metasomatism and/or its replacement by younger, more fertile, and more dense mantle (e.g. [25, 26] ).
Seeking the answer to the question how the thickness and composition of the cratonic lithosphere is a¡ected by rifting, I examine the thermal regime of the lithosphere of the EEC and use freeboard constraints to calculate variations of lithospheric density of non-thermal origin. I focus the attention on (1) the central part of the Russian platform, rifted in Proterozoic, and (2) the southern part of the Russian platform, rifted in Paleozoic, and compare them with the Archeanê arly Proterozoic regions of the Baltic Shield. As the geological age of the Russian platform is also early Proterozoic, such a comparison permits us to examine the e¡ects of rifting on the structure and composition of the cratonic lithosphere.
3. Thermal regime of the EEC and lithospheric thickness
Heat £ow data
Most of thermal models published for the EEC are based on a continent-scale or global-scale studies [27^29], or on regional models (e.g. [303 5] ). Here a thermal model for the entire EEC is presented, following the constraints of [29] .
Reliable surface heat £ow data for the EEC (Fig. 2a,b) derived from [36^37] formed the basis for the calculation of lithospheric geotherms. Chie£y measurements from deep boreholes are used in the study. The original heat £ow data for the entire EEC has been corrected for paleoclimatic disturbances using the standard procedures; the paleoclimatic corrections to the surface heat £ow do not exceed 10% [30, 33, 38] .
Almost no correlation exists between geologic provinces of the EEC and the surface heat £ow, although the transition from the cratonic lithosphere to the lithosphere of western Europe is marked by a pronounced heat £ow increase of more than 20 mW/m 2 ( Fig. 2a) . Within the craton, the lowest heat £ow values ( 6 30 mW/m 2 ) are measured in the Finnish-Karelian Province of the Baltic Shield. The rest of the EEC has surface heat £ow typical for Archean^early Proterozoic cratons, 35^45 mW/m 2 (e.g. [39] ), with slightly higher values (40^55 mW/m 2 ) in the southern part of the craton. However, locally the heat £ow exceeds 70 mW/m 2 (e.g. in the Pripyat Trough).
Calculation of lithospheric geotherms
Most of the EEC has not experienced a major tectonic event since the end of the Precambrian ; therefore the thermal structure of the lithosphere can be approximated by the steady-state solution of the thermal conductivity equation. This approximation is also valid for the parts of the Russian platform, a¡ected by Paleozoic rifting, where thermal equilibrium is expected to be re-established. Thermal anomaly associated with Paleozoic rifting is re£ected in the present surface heat £ow, since thermal perturbation at the base of the lithosphere with a thickness of V150^200 km reaches the surface in ca. 250^350 Ma.
In this study, models of depth distribution of thermal parameters are constrained for about 70 tectonic blocks within the EEC from seismic measurements of the crustal structure (derived from the global USGS database [20] ). Values of heat production and thermal conductivity in sediments and in the shallow upper crust are based on regional laboratory measurements on surface and borehole rocks (e.g. [40, 41] ). In the present study, the upper, middle, and lower crusts are de¢ned by seismic velocities ; heat production in the crustal layers is assigned to be 0.5^3. [29] .
Examples of crustal heat production models based on regional seismic velocity structure ( ; however insu⁄cient data does not permit us to ¢nd any correlations with tectonic structures of the Russian platform.
Moho temperatures
Lithospheric geotherms in the EEC (Fig. 3) are constrained here by 1D thermal modeling since in large parts of the craton either surface heat £ow data (Fig. 2b) or detailed data on the crustal structure are absent. This approximation is valid only when applied to long-wavelength thermal anomalies, when horizontal di¡usion of heat £ux can be neglected. Heat £ow anomalies of the shortest wavelength (V150^200 km) are observed in the western parts of the craton (especially within the Ukrainian Shield) implying that their source is within the upper 60^70 km of the lithosphere [42] and that they are caused primarily by variations in the crustal heat production. However, for most of the Russian platform, the wavelength of surface heat £ow anomalies is about 300^500 km and their origin should be deeper than 150^200 km.
Temperatures at the base of the crust and in the upper mantle of the EEC show a strong correlation with tectonic setting (Fig. 3a,b) . Within the Baltic Shield, Moho temperatures vary from V350 to 450 ‡C in the Archean^early Proterozoic Finnish-Kola-Karelian Province, through 5007 00 ‡C in the early Proterozoic Sveco-Fennian Province, to 600^700 ‡C in the middle Proterozoic Sveco-Norwegian Province and the Caledonides.
Within the central Russian platform, temperatures at the base of the crust are similar to the early Proterozoic part of the Baltic Shield (4506 00 ‡C), with slightly higher Moho temperatures along the Central Russia rift system. However, the di¡erence is not su⁄ciently pronounced to imply a large-scale thermal anomaly in the mantle, which could have explained the thermal subsidence of the platform. There is, however, a pronounced increase in Moho temperature in the southern parts of the Russian platform (5507 00 ‡C), which were rifted in Devonian.
Heat £ow at the lithospheric base
A pronounced correlation between the mantle thermal regime of the EEC and the tectono-thermal age of the lithosphere is clearly seen in the values of the mantle heat £ow (Fig. 3c) . The lowest values (V16^18 mW/m 2 ) are calculated for the Archean^early Proterozoic Finnish-Karelian Province, assuming a lower crustal heat production (A) of 0.1 WW/m 3 (this parameter is one of the most poorly constrained in geothermal models, see [29] for a discussion). Similar results were obtained by Pasquale et al. [32] for the Baltic Shield for the same value of lower crustal heat production. For another commonly accepted value of 0.4 WW/m 3 and a thickness of the lower crust of 16 km and more, mantle heat £ow in this part of the Baltic Shield is V11^13 mW/m 2 , which is in a good agreement with xenolith data (11 þ 4 mW/m 2 ) [31] . Mantle heat £ow in the Ukrainian Shield and in most of the Russian platform is V20^22 mW/m 2 for A = 0.1 WW/m 3 in the lower crust (or, assuming A = 0.4 WW/m 3 and accounting for regional variations in thickness of the lower crust in the EEC, V12 mW/m 2 for the Ukrainian Shield and V18 mW/m 2 for most of the Russian platform).
Lithospheric thickness
The largest values of lithospheric thickness (de¢ned as the depth to the mantle adiabat of 1300 ‡C) within the EEC (250^300 km) are found for the Finnish-Kola-Karelian region of the Baltic Shield (Fig. 3d) . Thermal estimates are in agreement with recent seismic surface-wave interpreta- tions [43] , which show s 1% V s velocity anomaly down to at least 300 km depth. Surprisingly, the Ukrainian Shield, which has even older geological age, has a much thinner lithosphere, thickest (V200^220 km) in the north-central parts and thinnest (V170 km) in the southeastern part of the Ukrainian Shield (Fig. 3d) . Large variations in lithospheric thickness within the Ukrainian Shield re£ect its block structure identi¢ed from surface geology, and suggest that individual terranes within the shield could have preserved their own lithospheric roots since the assembly of the Archean craton. Xenolith data from Siberia indicate that such situation is not unique. Di¡erences in bulk composition of the lithospheric mantle and xenolith geotherms imply that di¡erent crustal terranes of the Siberian Craton have preserved individual lithospheric roots since their formation and Proterozoic cratonization [44] .
We further focus on the parts of the Russian platform, a¡ected by Proterozoic and Paleozoic rifting. Similarly to the early Proterozoic regions of the Baltic Shield, most of the Russian platform has a lithospheric thermal thickness of V180^210 km with only slightly smaller values along the Central Russia rift system (160^180 km) (Fig.  3d) . These values are well within the range of lithospheric thickness estimates for other early Proterozoic terranes of the world [29] . For example, within the Baltic Shield, the Sveco-Fennian Province of similar age has lithospheric thickness of V150^200 km. These results indicate that Proterozoic rifting of the EEC is almost non-re£ected in its present thermal regime and lithospheric thickness, and that the post-rifting Paleozoic and Mesozoic subsidence of the Central Russian platform [3] is unlikely to be attributed solely to thermal cooling and lithosphere thermal thinning.
In the southern parts of the Russian platform, lithospheric thickness decreases to V120^140 km, which is ca. 60 km less than expected for early Proterozoic cratons. Such values are typical for middle^late Proterozoic terranes, e.g. the SvecoNorwegian Province of the Baltic Shield. Small lithospheric thickness in the southern part of the Russian platform implies that Paleozoic thermomagmatic events, probably associated with a mantle plume [2] , had a strong e¡ect on the cratonic keel. The di¡erence in the thermal regime of the lithosphere of the largely Proterozoic Central Russia rift system and the Paleozoic rifts of the southern Russian platform is clearly seen from lithospheric geotherms (Fig. 3b) .
The results suggest that Proterozoic and Paleozoic rifting might have a¡ected the cratonic keel in di¡erent ways. We next examine if these thermo-magmatic events have changed lithospheric buoyancy since mechanisms other than thermal are required to explain why the huge area of the North-Central Russian platform has subsided since late Proterozoic and why the southern parts of the platform continue to subside since the Devonian rifting. A compositional origin of subsidence provides an alternative explanation and this hypothesis is tested further by calculating average lithospheric density of di¡erent parts of the EEC.
Density of the subcrustal lithosphere

Calculation of lithospheric buoyancy and depletion
Temperatures at the base of the crust (Fig. 3a ) and lithospheric thermal thickness values (Fig. 3d) together with data on surface topography and crustal structure permit estimation of density contrast between the asthenosphere and the lithospheric mantle. Density variations of thermal origin within the subcrustal lithosphere are taken into account from data on typical lithospheric geotherms for a thermal expansion coe⁄cient for the subcrustal lithosphere of 3.5U10
35 / ‡C. Following the approach of Lachenbruch and Morgan [45] , it is assumed that isostatic balance is achieved locally at the base of the lithosphere. In this case, surface topography results from crustal buoyancy (which depends on crustal thickness and its average density) and subcrustal lithospheric buoyancy (which depends on lithospheric thickness, as estimated earlier, and its average density). Data on crustal structure (thickness and density) are derived from the CRUST 5.1 model [46] for 5 ‡U5 ‡ cells. For consistency, all other data (Moho temperatures, lithospheric thickness, and surface topography derived from the ETOPO2 database [47] ) are also averaged to 5 ‡U5 ‡ cells. Fig. 4a shows the total compositional density de¢cit within the entire vertical column of the subcrustal lithosphere of the EEC, as compared to asthenospheric density, assumed here to be 3.39 g/cm 33 [48] . The approach does not allow speculating regarding how compositional anomalies are distributed with depth, nor to distinguish the processes responsible for lithospheric density variations. However, the results shown in Fig. 4a agree with calculations of lateral density variations in the lithospheric mantle, based on temperaturecorrected Bouguer gravity anomalies [49] .
Lateral compositional density variations in the subcrustal lithosphere of the EEC are in the range from 0.0 to 31.6%, with the minimal value (corresponding to the strongest depletion) in the Baltic Sea. Positive values are calculated mostly for the Phanerozoic western Europe with the highest values (up to +2.1%) in the Alps. The possible origin of compositional lithospheric density anomalies is discussed below.
Sensitivity analysis
Lack of the detailed knowledge of the crustal structure and uneven coverage of heat £ow measurements preclude the calculation of the errors of density variations in the lithospheric mantle. Instead, the sensitivity of the calculated mantle density anomalies to variations in di¡erent model parameters is evaluated in a set of test models. First, the e¡ect of lithospheric thickness variations is estimated. A choice of 1100 ‡C temperature as the base of the thermal lithosphere (which is equivalent to a V30^60 km thinner lithosphere than in Fig. 3d ) leads to 6 0.10% lower values of density de¢cit for the Baltic Shield and to V0.15% lower values for the rest of the Russian platform.
The e¡ect of crustal density (which for 5 ‡U5 ‡ cells varies from 2.78 to 2.93 g/cm 33 with the average value of 2.87 g/cm 33 ) on the calculated mantle densities is checked by a model with constant crustal density of 2.87 g/cm 33 (but variable thickness). The largest di¡erence between the basic (Fig. 4a ) and the test model is for the Phanerozoic lithosphere of western Europe (up to +0.8%), while for the entire EEC the di¡erence is between 30.1% and 30.2%. A combined test shows that variations in both of model parameters reduce the values of the estimated lithospheric density de¢cit by about 0.25% for most of the Russian platform and by V0.4% for the SvecoFennian Province and the southwestern part of the EEC. In a further test the crust is assumed to be 2 km thicker (which is about the accuracy of crustal thickness estimates) than in the basic model. The resulting density anomalies in the EEC di¡er by less than 30.03% from the basic model and do not exceed 0.1% for western Europe.
To summarize, the uncertainty in the calculated values of lithospheric density anomalies (Fig. 4a) does not exceed þ 0.30% in the EEC and typically is þ 0.15% to þ 0.20%. For the Phanerozoic lithosphere the uncertainty can exceed the range of calculated density variations and thus western Europe is excluded from further discussion. There is one more parameter that is impossible to evaluate, i.e. the contribution of dynamic support to the observed topography. Its e¡ect cannot be neglected in regions of active tectonics (e.g. [50] ), like the Alps, but probably does not play a signi¢cant role for the EEC, except for the Caledonides.
Compositional density variations in the lithospheric mantle of the EEC
Baltic Shield
Density of the lithospheric mantle (at room temperature) calculated here for the early Precambrian (V3.33 þ 0.01 g/cm 33 ) and for the Proterozoic (V3.35 þ 0.01 g/cm 33 ) terranes of the Baltic Shield is at the high end of values derived from direct density measurements on low-T peridotites from Archean roots [51, 52] and from average densities calculated from mineral compositions for peridotites from Proterozoic mantle [48] . Such a systematic di¡erence between buoyancy-based estimates and peridotite data may result from overestimated lithospheric temperatures used in the present modeling (Fig. 3b) . Another possibility is undersampling of Fe-rich dunites (which have densities up to 3% greater than residual peridotites, [9] ) by mantle xenoliths. Recent global analysis of lithospheric buoyancy [53] suggests that depletion of cratonic lithosphere may be indeed V0.5% less than indicated by xenolith data.
Mantle density is essentially controlled by olivine composition. A systemeatic decrease of forsterite content (100Mg/(Mg+Fe)) from Archean to younger lithospheric mantle suggests a strong secular increase of average density of the subcrustal lithosphere (e.g. [54^55]), observed in petrologic studies of mantle-derived peridotite xenoliths from di¡erent cratons [25, 48, 51] . The results for the Baltic Shield (Fig. 4a) show two strong lithospheric density anomalies : one with the maximum density de¢cit of V1.4% is centered at the White Sea and extends over the Archean Kola-Karelian Province. Surprisingly, the other anomaly with density de¢cit values up to 1.6% is located within the early Proterozoic Sveco-Fennian Province and is centered over the Finnish Bay of the Baltic Sea. Two regions with strong low-density anomalies are separated by the Paleozoic Ladoga rift (Fig. 1a) . Paleozoic rifting may have locally modi¢ed the composition of this part of the cratonic mantle through metasomatism by Fe-enriched magmas, although regionally the lithosphere preserved thickness typical for the early Precambrian terranes. The lithospheric mantle of the rest of the Baltic Shield has a V0.8^1.0% density de¢cit, with larger values (up to 1.2%) below the Caledonides, and smaller values (V0.5%) in the Sveco-Norwegian Province. Lowdensity values calculated for the Caledonides can result from an unaccounted dynamic topography associated with isostatic post-glacial relaxation (e.g. [56] ). Thus, the results of this study show that, on the whole, for the Baltic Shield some correlation exists between density of the lithospheric mantle and the tectono-thermal age. Laboratory studies [57] indicate a strong e¡ect of Fe/(Fe+Mg) variations on seismic velocities ; however, it is unclear to which extent they are masked by temperature anomalies in the upper mantle. Forte and Perry [58] argue that V s anomalies alone are insu⁄cient to distinguish chemical variations in the mantle. A recent analysis of the e¡ect of temperature and iron content on seismic velocities [59] shows that a 1% velocity anomaly requires a Fe anomaly of 4% or a temperature anomaly of only 50 ‡C (which is about the accuracy of thermal constraints at any lithospheric depth). Nevertheless, a comparison of lithospheric density anomalies (Fig. 4a) with seismic data for the Baltic Shield shows that the strong low-density anomaly of a non-thermal origin over the Finnish Bay (Baltic Sea) correlates with the strongest Rayleigh wave velocity anomaly in the upper 150 km [43] and a strong shear-wave attenuation anomaly in the upper 100 km of the lithosphere [60] . These anomalies do not correlate with a thermal anomaly (Fig. 3d) , indicating that compositional variations in the mantle play an important role in producing seismic anomalies in the region. Furthermore, as a correlation between seismic velocity and attenuation models, on one hand, and density anomaly, on the other hand, does not hold at depths s 100^150 km, one may speculate that the depletion anomaly in this part of the Baltic Shield is relatively shallow. A similar conclusion was made for the Kaapvaal and Tanzanian cratons, where studies of cratonic peridotites [9, 54] show that lithosphere depletion at shallow depth ( 6 150 km) is much stronger than predicted by the isopycnic curve [61] , while below 150 km depth density steeply increases to the asthenospheric value.
A shallow origin of the lithospheric density anomaly in the Baltic Sea region can be a result of Riphean (1.35^1.05 Ga) rifting. Magmatic activity, with emplacement of rapakivi granites (Fig.  1b) and subsequent subsidence of the basin might have resulted in a Fe-enrichment of the lower part of the cratonic lithosphere and even its detachment. Later lithospheric growth by thermal cooling might have created a two-layer lithosphere with more depleted upper and less depleted lower layers (see also Fig. 5 ). Relatively small volume of Proterozoic magmatism in the Baltic region suggests that it was caused by a small-scale mantle convection rather than by a deep-seated mantle plume [62] . Thus, the lateral size of the compositional anomaly can be relatively small. Note, for example, that the Paleozoic Oslo graben is not resolved in the model (Fig. 4a) .
The main region of a strong low-density anomaly in the Baltic Shield (Kola-Karelian Province) is of a particular interest. Calculations of lateral density variations in the lithospheric mantle, based on temperature-corrected Bouguer gravity anomalies ( [49] ; M. Kaban, personal communication, 2002), show the strongest anomaly over the same region, with the maximum density de¢cit values up to 2.4%. It is unclear why this compositional anomaly is not re£ected in seismic models at depths less than 150 km, but it correlates well with the region of high P-wave and Rayleigh wave velocities at a depth of 150^250 km, indicating that the depleted cratonic lithosphere extends at least down to this depth. This conclusion agrees with petrologic data [63] , which show that in most of the Archean cratons the mg# of typical asthenospheric mantle is reached at a depth of 200^250 km, interpreted as the base of the compositional lithosphere.
Russian platform
Lithospheric density anomalies of non-thermal origin, calculated for the Russian platform, are in a sharp contrast with the values for the FinnishKola-Karelian part of the Baltic Shield (Fig. 4a) , despite similar geological ages of these two parts of the EEC. Average density of the subcrustal lithosphere progressively increases southwards from the Baltic Shield and reaches an asthenospheric value in the southern parts of the Russian platform. Nowhere within the Russian platform does lithospheric density show low values typical of early Proterozoic lithospheric mantle. Buoyancy requires that the subcrustal lithosphere of the central parts of the platform (including the Proterozoic Central Russia rift system) should be only V0.6^0.8% less dense than asthenosphere. Such density de¢cit is typical for the lithospheric mantle of middle and late Proterozoic age. Density de¢cit in the subcrustal lithosphere of the southern parts of the Russian platform, a¡ected by intensive Devonian rifting, is less than 0.4% and is close to the values typical for Phanerozoic lithospheric mantle. Spatial correlation between the regions with high density of sublithospheric mantle (Fig. 4a) and the regions of the post-Uralian, on-going, subsidence in the southern part of the Russian platform (Fig. 4b) provides support for the hypothesis that the platform subsidence was caused by an increase of lithospheric density. Thus the results of this study imply that density variations in the subcrustal lithosphere of the EEC re£ect the last major tectono-thermal event.
Metasomatic enrichment of the lithosphere during rifting results in a density increase due to formation of Fe-rich dunites and a loss of neutral buoyancy of the keels [9] . Much of the early Proterozoic lithospheric mantle of the Russian platform has been modi¢ed or even might have been detached during late Proterozoic tectonic activity that has a¡ected most of the platform (Fig. 5) . Post-rifting lithospheric cooling should have led to lithospheric growth. If this process began already in the late Proterozoic, the lower lithosphere beneath the central part of the platform should have a composition similar to other middle^late Proterozoic regions. In this case, one can expect two compositionally distinct lithospheric layers in the central part of the Russian platform, similarly to the lithospheric mantle beneath the Slave Craton [64] . As the density de¢cit in the subcrustal lithosphere of the Russian platform is ca. 50% of a typical density de¢cit of the Archean^early Proterozoic lithosphere, one may expect a sharp compositional boundary at a depth of 901 50 km (for the Archean lithosphere 180^300 km thick, as in the Baltic Shield) (Fig. 5) . The boundary between the highly depleted upper layer (with high seismic velocities [59] ) and more fertile lower (3) is a result of fertilization of cratonic lithosphere during mantle^plume interaction and involves a much larger area than a¡ected by rifting. This process is accompanied by an accretion of a new basal part of the lithosphere, with the fertile composition typical for late Proterozoic or Phanerozoic regions [25] . If the whole density de¢cit in the subcrustal lithosphere of the Russian platform (which is ca. 50% of a typical density de¢cit of the Archeanê arly Proterozoic lithosphere) (Fig. 4a) is concentrated in its upper part, presumably unmodi¢ed by Proterozoic metasomatism, the lower half of the cratonic root has been replaced since the Proterozoic. In this case one may expect a sharp compositional boundary at a depth of ca. 90^150 km from depleted to Fe-enriched composition. This provides an alternative explanation for the 8 ‡ seismic discontinuity (the top of a LVZ observed in several cratons at ca. 100 km depth [65] ) as the base of ancient depleted lithosphere. LAB = lithosphere^asthenosphere boundary.
layer (with lower velocities) can produce a seismic pattern similar to the top of a low-velocity zone (LVZ) and interpreted as the 8 ‡ seismic discontinuity beneath cratons (i.e. the top of a layer at V100 km depth with V1% lower P-wave velocity) [65] . Late Proterozoic modi¢cation of lithospheric composition (when the lower part of the ancient depleted lithospheric mantle was replaced by younger, more fertile, and more dense material) played an ultimately important role in Paleozoic subsidence of the Russian platform, as the time gap between ceasing of rifting and platform subsidence (V50 Ma [1] ) is too large to be entirely attributed to post-rifting thermal relaxation. Paleozoic rifting had a di¡erent e¡ect on the tectonic evolution of the southern Russian platform, including the Dnieper-Donets rift system. This region with a lithospheric thermal thickness of 120^140 km has less than 0.4% density de¢cit of the lithospheric mantle and continues to subside (Fig. 4b) . Petrologic studies of peridotites from the Tanzanian and the Sino-Korean cratons [9, 26, 66] show that Phanerozoic rifting results in vertical compositional strati¢cation of the cratonic lithosphere due to Fe-enrichment of its lower parts by asthenospheric melts. Furthermore, xenolith data indicate removal or compositional transformation of the lower 80^140 km of the Archean keel in the Sino-Korean Craton and a steplike increase in fertility in the Tanzanian lithosphere at 120^150 km depth. Similar to Phanerozoic rifting in Tanzania and China, Devonian magmatism and metasomatic modi¢cation of the Russian platform lithosphere could have resulted in detachment and/or thermal erosion of most of the Precambrian lithospheric mantle in the southern part of the craton. If any lithospheric material has been accreted at its base since the Devonian (e.g. due to thermal cooling), it should have the fertile composition of the Phanerozoic mantle [25, 67] . These conclusions are supported by the results of a joint interpretation of seismic and thermal data [68] : seismic velocities corrected for lateral temperature variations in the lithosphere suggest that the Precambrian crust of the southwestern Russian platform overlies mantle with properties similar to the mantle of western Europe. One can argue that Phanerozoic subsidence of the Peri-Caspian basin can largely be explained by an extreme compositional modi¢cation (or a detachment) of the cratonic keel in Phanerozoic (cf. Fig. 4a,b) .
Conclusions
This study seeks to explain subsidence of the Russian platform by density variations in the lithospheric mantle, here hypothesized to be related to the Proterozoic and Paleozoic rifting. The thermal regime and density structure of the lithospheric mantle of the EEC are estimated to show that the Precambrian and Phanerozoic rifting had di¡erent e¡ects on the thermal structure and lithospheric composition, and consequently on the topography of the basement rocks.
(1)Proterozoic rifting resulted in modi¢cation of the entire crustal column of the Russian platform. Regions with a thick ( s 20 km) upper crust (5.8 6 V p 6 6.4 km/s) and an almost complete absence of the middle crust (6.4 6 V p 6 6.8 km/s) are spatially correlated with the craton-scale Central Russia rift system.
(2)Moho temperatures calculated from the surface heat £ow data vary from 350^600 ‡C in Archean^early Proterozoic terranes to 550^700 ‡C in the southern parts of the Russian platform and to 600^850 ‡C in middle^late Proterozoic regions of the Baltic Shield. Proterozoic rifting is not re£ected in the present thermal regime of the Russian platform, where lithospheric temperature variations are not su⁄ciently pronounced. Thermal lithosphere of the Russian platform is V180^210 km thick, with only slightly smaller values (1601 80 km) along the Central Russia rift system. Paleozoic rifting, however, resulted in a pronounced lithosphere thinning (to 120^140 km) in the southern parts of the Russian platform.
(3)Buoyancy-based estimates suggest a lithospheric density de¢cit of V1.4 þ 0.2% for the Archean^early Proterozoic Finnish Bay-Kola-Karelian Province. A strong low-density anomaly in the Kola-Karelian Province (centered over the White Sea) correlates with seismic velocity anomalies at depths of 150^250 km [69] ; a strong density anomaly in the Finnish Bay (Baltic Sea) correlates with seismic velocity and attenuation anomalies only down to 100^150 km depth, suggesting its shallow origin.
Lithospheric density de¢cit decreases southwards from the Baltic Shield and is 0.8 þ 0.2% in most of the Russian platform. In the southern parts of the Russian platform, which were rifted in the Paleozoic, lithospheric density is similar to the lithospheric mantle of western Europe. Regions of less than ca. 0.4^0.6% density anomaly coincide with the area of post-Uralian subsidence, implying that compositional modi¢cation of the cratonic lithosphere caused post-Uralian subsidence of the platform.
(4)Rifting of the Russian platform has resulted in a decrease of lithospheric depletion (manifested by an increase of average lithospheric density), probably due to metasomatism. Proterozoic thermo-magmatic events might have led to formation of a two-layer lithosphere due to Fe-enrichment of its lower part. The boundary between a highly depleted upper layer and a more fertile lower layer can be at ca. 90^150 km depth and can produce a seismic pattern similar to the top of a seismic low-velocity layer. Paleozoic rifting had a more severe impact on the lithospheric structure of the Russian platform, leading to compositional modi¢cation and/or detachment of the entire lithospheric column, its further replacement by younger fertile material, and the consequent, on-going, subsidence of the southern Russian platform.
